ABSTRACT. The development of synthetic strategies to control the molecular organization (and inherently linked optoelectronic properties) of poly(fluorene)s is critical for the development of efficient light-emitting devices. Here, we report a facile route using sol-gel chemistry to promote the formation of the β-phase through the covalent-grafting of poly[(9,9-dioctylfluorene)-co-(9,9-bis(8-hydroxyoctyl)fluorene)]
INTRODUCTION
The intense blue emission and high photoluminescence quantum yields of polyfluorenes (PFs) have led to their widespread deployment as active components in polymer light-emitting diodes [1] [2] [3] [4] [5] and sensors and diagnostics. [6] [7] [8] [9] [10] [11] Conjugated polymers derive their unique optoelectronic properties from the delocalized electronic structure of the polymer backbone, which is intrinsically linked to the conformation of the polymer chains. PFs in particular are known to exhibit different intra-and intermolecular conformations in the solid, liquid and gel states. [12] [13] [14] The rich phase behavior of poly(9,9-dioctylfluorene) (PFO), an archetypical member of this materials class, has been well-studied. PFO is polymorphic, with the most prevalent states including an amorphous α-phase, 15 a weakly-ordered planar β-phase 16 or the more recently discovered monoclinic γ-phase, 17 which is intermediate between the two. These states do not represent phases in the true thermodynamic sense (i.e. they do not obey Gibbs' phase rule), but instead represent the interplay between the conformation of the polymer backbone and various inter-and intra-molecular interactions (π-π stacking, van der Waals forces and hydrogen bonding) occurring between individual polymer backbones and side chains, with each phase exhibiting a unique optical fingerprint. 4, 18 The β-phase is not commonly encountered in other π-conjugated macromolecules and its formation has been linked to enhanced optoelectronic properties, including improved charge carrier mobility, efficient amplified spontaneous emission and low lasing threshold limit. [19] [20] However, the β-phase content is always relatively low and never fully dominates the material and as such there is significant interest in its targeted formation in both pure and hybrid PF-based materials. The β-phase is most commonly observed in polymer thin films that have been subjected to specific thermal or vapor treatment, [21] [22] [23] have been cast from a poor solvent, 24 or have been sprayed as a composite film. 25 b-phase formation has also been demonstrated in pure supramolecular gels prepared from PFO in apolar organic solvents 26 and through its confinement in a silica-based 4 ionogel. 27 The co-condensation of siloxane-functionalized poly(fluorene)s with an alkoxysilane monomer has also been reported to form organic-inorganic hybrid nanoparticles in which the percentage of β-phase present is controlled by the amount of alkoxysilane used. 28 Inspired by these examples, we postulated that targeted formation of the b-phase could potentially be achieved through the covalent-grafting of a functionalized-PF to a targeted host material, which, if judiciously selected, could additionally impart thermal and photostability. [29] [30] [31] The ideal host material should also be chemically compatible with the PF, thus eliminating any potential phase separation. Moreover, the optoelectronic properties of the PF grafted onto it, should be maintained, and preferably enhanced upon incorporation. A family of covalentlylinked (Class II) organic-inorganic hybrid materials known as ureasils appeared to perfectly match these host requirements. Ureasils are comprised of a siliceous skeleton that is chemically-grafted to poly(ethylene oxide) (PEO)/poly(propylene oxide) (PPO) chains through urea [NHC(=O)NH] cross-linkages, the number of which depend on the degree of branching in the organic polymer precursor (Figure 1 ). [32] [33] Ureasils are inherently photoluminescent due to radiative recombination at localized sites in both the siliceous and urea-centered domains and have been employed as active hosts for a variety of dopants including lanthanide ions/complexes, 34-37 molecular dyes, 38 and conjugated polymers. 30, 39 Recently, we have shown that the incorporation of PF-conjugated polyelectrolytes within a di-ureasil matrix results in a dramatic increase in the photoluminescence quantum yield, due to a synergistic electronic interaction between the di-ureasil host and the conjugated polymer. 30 Moreover, the introduction of red-orange emissive poly(thiophene)s or poly(phenylene)s into the di-ureasil led to tunable white-light emission. 39 However, in both examples the conjugated polymers are physically immobilized in the di-ureasil matrix and there is no formal chemical bonding interaction.
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Here, we report a novel strategy to promote the formation of the β-phase through the covalent-grafting of a hydroxyl-functionalized poly[(9,9-dioctyfluorene)-co-(9,9-bis(8-hydroxyoctyl)fluorene)] (PFO-OH) onto the siliceous backbone of di-or tri-podal ureasil frameworks. The organic-inorganic hybrid host provides excellent chemical compatibility for the conjugated polymer and results in a homogeneous distribution of the PFO throughout the entire material, unlike that observed for purely inorganic matrices. 19, 27 Physical confinement of the PFO within the ureasil framework promotes b-phase formation, the extent of which may be tuned by varying the PFO concentration and the degree of branching of the organic backbone of the ureasil precursor. The % contribution of b-phase formed is quantified and correlated with the optical properties of the resultant hybrid material. The results highlight how chemicalgrafting approaches can be used to manipulate the conformation of conjugated polymers within a host matrix, delivering tunable optical properties.
EXPERIMENTAL SECTION
Materials. Poly[(9,9-dioctylfluorene)-co-(9,9-bis(8-hydroxyoctyl)fluorene)] (PFO-OH) with a number-averaged molecular weight M n = 15,500 g mol -1 was prepared following a procedure previously reported in literature. 28 Synthesis. Samples were synthesized using a method previously reported in literature, [40] [41] and are designated as DU-PF-x and TU-PF-x for di-ureasils and tri-ureasils respectively, where Fourier Transform Infrared (FTIR) spectroscopy. FTIR spectra were measured on a PerkinElmer spectrum 100 FTIR spectrometer at room temperature and collected over a range of 4000-650 cm -1 with a resolution of 4 cm -1 . Samples (2 mg) were finely ground, mixed with potassium bromide (175 mg) and pressed into pellets. To evaluate the contributions to the Amide I band, spectral deconvo lution using Gaussian band fitting was carried out using OriginPro 8.5 (Microcal) in the region of 1600-1800 cm -1 .
Thermogravimetric analysis (TGA).
TGA was performed using a Perkin Elmer Pyris TGA thermogravimetric analyser in an air atmosphere between 30 to 900 °C with a heating rate of 10 °C min -1 using ca. 2 mg of sample placed in a ceramic crucible.
Powder X-ray diffraction (PXRD). PXRD measurements were performed on a Bruker D2
Phaser diffractometer. The samples were exposed to the Cu Kα radiation (l = 1.54 Å) at RT.
The investigated 2q range is 5 to 70°.
UV/Vis absorption spectroscopy. UV/Vis absorption spectra were recorded at RT in a Perkin
Elmer Lambda 1050 UV/Vis spectrometer (slit width 2 nm). The absorbance of solutions at the excitation wavelength was < 0.1.
Photoluminescence measurements. Steady-state photoluminescence (PL) spectroscopy was carried at room temperature (RT) on a Fluorolog-3 spectrophotometer (Horiba Jobin Yvon), with emission and excitation slits of 1 nm. Emission and excitation spectra were corrected for the wavelength response of the system and the intensity of the lamp profile over the excitation range, respectively, using correction factors supplied by the manufacturer. PL quantum yield measurements were performed using an F-3018 integrating sphere mounted into a FluoroMax-8 4p spectrophotometer (Horibama Jobin Yvon). The values reported are the mean of three repeat measurements. The method is accurate within 10%. Spectral deconvolution of the excitation spectra using Gaussian fitting was performed using OriginPro 8.5 (Microcal). 
RESULTS AND DISCUSSION

Synthesis of PF-grafted di-and tri-ureasils.
The synthesis of PF-grafted di-and tri-ureasils requires three distinct steps, as illustrated in 
Structural characterization of PF-grafted di-and tri-ureasils.
For ureasil-type materials, FTIR spectroscopy can provide valuable information about the effect of dopants/co-substituents on the final hybrid structure. 32, 41, 43 Analysis of the Amide I region (1600-1800 cm -1 ) in particular can deliver direct insight into the degree and specificity of hydrogen-bonding interactions associated with C=O stretching frequencies in different local environments. Table S1 of the Supporting Information. For the DU-PF-x series, three peaks centered at ~1710 cm -1 (Peak 3), ~1660 cm -1 (Peak 2) and 1635 cm -1 (Peak 1) are identified.
These bands correspond to carbonyl stretching frequencies located within disordered hydrogen-bonded polyether-urea associations of increasing strength (Peak 3 and Peak 2, respectively) and self-organized, hydrogen-bonded urea-urea interactions (Peak 1). At low PF concentrations, a fourth peak at ~1775 cm -1 is also observed, suggesting that carbonyl groups free of hydrogen-bonding are also present. 36 However, as the PF concentration is increased, this peak disappears and ordered urea-urea interactions (Peak 1) become more important, suggesting a slight increase in the packing density of the co-condensed PF-PTES-d-UPTES network, accompanied by a re-arrangement of the urea/polyether chain interactions, as illustrated by the simultaneous increase and decrease in the intensities of Peak 3 and Peak 2, respectively. In contrast, for the TU-PF-x series, Gaussian deconvolution of the Amide I region reveals the presence of peaks 1-4 at all concentrations, except 0.01 wt.%. We attribute these differences to the degree of branching of the individual Jeffamine polyetheramine precursors.
We propose that the linear branching of Jeffamine ED-600 induces a more ordered and compact conformation in the DU-PF-x series, in which the grafted PF-chains occupy linear domains within the hybrid structure. These domains increase in size with the PF wt.%, and tend to isolate the di-ureasil backbones, favoring the formation of disordered interactions between polyether chains and urea moieties. In contrast, no specific trend is observed for the TU-PF-x series with increasing concentration of PFO-OH. We suggest that in this case, the PF chains can be accommodated without bringing major structural changes to the hydrogen-bonded array of the tri-ureasil. For both DU-PF-x and TU-PF-x samples, 13 C CP-MAS NMR spectroscopy confirmed the reaction of the organic precursors, with the characteristic peak corresponding to urea moieties centered at ca.160 ppm observed ( Figure S4 and Table S2 ). 29 Si MAS-NMR was used to probe the degree of condensation of the siliceous network in the DU-PF-x and TU-PF-x series ( Figure   13 4 44 are reported in Table S3 in the Supporting Information. Comparing first the pristine DU-PF-0 and TU-PF-0 samples, it is apparent that the T 1 signal for TU-PF-0 provides a much greater (~5x) contribution to the spectrum. This provides further indication that the TU-network is less condensed than the corresponding DU-system. Upon grafting of the PF to the material, the silica network becomes increasingly more condensed (c~80-84 %) for the DU-PF-x series, as revealed by the increased contribution from the T 3 signal, which is consistent with the conclusions drawn from the FTIR spectra. The corresponding degree of condensation determined for the TU-PF-x series is notably lower by comparison (c~69-79%), although no specific trend with respect to the PF concentration is observed (see Table S3 of Supporting Information). Compared to DU-PF-x, TU-PF-x hybrids present a higher ratio of silica centers per ethoxy monomer. This imparts rigidity to the overall network, which then preserves its structure even upon incorporation of sterically-hindered species, such as the PF chains. This supports our hypothesis of a more distorted and less organized structure for TU-PF-x compared to DU-PF-x, which is directed by the different degrees of branching on the Jeffamine precursors.
The powder X-ray diffraction patterns of both sets of samples present the characteristic features of ureasils, with a primary band between 19.9-20.7° and a shoulder at 11.8-12.5°
( Figure S5 , Supporting Information). The main peak is associated with localized order in the siliceous network, 35, 45 with a structural unit distance, d, ranging between 4.4 ± 0.1 Å (calculated using Bragg's Law), while the shoulder is ascribed to in-plane ordering of the siliceous domains. 44 The coherence length calculated using the Scherrer equation is 10.3 ± 0.8 Å and is similar to values reported in literature for ureasils. 
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Evolution of the β-phase in PF-grafted ureasils.
The optical properties of PFO are intrinsically linked to its morphology and, as such, can be used as a diagnostic probe of polymer conformation. 12 In dilute THF solution, the absorption and PL spectra of PFO-OH are characteristic of the α-phase, where each chain is individually dissolved and adopts a rigid rod-like conformation (Figure 5a ). 46 The absorption and excitation spectra exhibit a single broad band centered at ~390 and ~380 nm, respectively. The corresponding PL spectrum displays the characteristic PF emission profile, featuring well-15 resolved vibronic structure between 390-500 nm, ascribed to stretching modes associated with the polymer backbone. As previously shown for poly[9,9-bis(2-ethylhexyl)-fluorene] and polyethylene blends, this optical behavior is characteristic of self-absorption, which suggests that segregated microdomains form, in which the PF chains are close to each other. 48 Notably, neither DU-PFx or TU-PF-x samples exhibit the excitation-energy dependent emission properties associated with ureasils suggesting that electronic communication between the two components is negligible. 49 This is in direct contrast to the behavior observed for physically-immobilized conjugated polymer-ureasil composites, in which excitonic migration results in enhanced photoluminescence quantum yields 30 or tunable emission colors. 39 The photoluminescence and excitation spectra of DU-PF-0.01 were followed as a function of the gelation time to evaluate the temporal evolution of the β-phase within the ureasil (Figure   6a ,b). In the initial sol (t = 0), the PF chains are in the α-phase conformation. Upon addition of the gelation reagents (H 3 O + , EtOH), the solution becomes increasingly viscous as the sol-gel transition proceeds. The emission band associated with the α-phase decreases progressively in intensity from 0-28 h, after which time the optical fingerprint of the β-phase emerges. This is confirmed by the concomitant increase in the intensity of the characteristic peak of the β-phase centered at 435 nm in the excitation spectrum. Both peaks increase in intensity with time, reaching a maximum as the condensation reaction reaches completion (t = 143 h). Similar behavior was reported for the gelation of PFO in the poor solvent methylcyclohexane (concentration of 1.0 wt%) at 20 °C. 50 The evolution of the β-phase over time is consistent is consistent with the transition from a fluid to a more confined environment for PFO-OH as the sol-gel transitions proceeds, which promotes π-π stacking of the conjugated backbone. To quantify the contribution of the β-phase to the optical properties of PF-ureasils, multipeak Gaussian deconvolution was performed on the excitation spectrum of DU-PF-0.01 (Figure 7a ). Five distinct components could be isolated, which is reasonable since the final excitation spectrum of each PF-ureasil arises from contributions from PFO-OH chains adopting either the α-or β-phase, and the ureasil network. The components were assigned as follows:
(i) the isolated β-phase peak (~2.9 eV); (ii) the 0-0 electronic transition of the α-phase at ~3.1 eV (see Gaussian-fits for PFO-OH in the α-phase in Figure S9 For pure PF systems, the contribution of the β-phase is usually quantified by subtraction of the absorption spectrum of the PF mixed-phase solution/thin film from that of the corresponding sample adopting a pure α-phase. 16, 52 In our case, the significant overlap between the α-phase and ureasil excitation spectra prevents the isolation of the individual PFO-OH components. However, as previously shown by Knaapila et al., 53 Gaussian fits can be used to successfully isolate the distinct peak corresponding to the β-phase, allowing us to quantify its relative contribution to the global excitation spectrum.
For both DU-PF-x and TU-PF-x hybrids, the β-phase contribution increases gradually when the PFO-OH concentration is initially increased from to 7.5 and 5.1% respectively (Figure 7b respectively, which are in reasonable agreement with values reported in the literature for pure di-and tri-ureasils. 35, 43 At high PF concentrations, the decrease in the intensity of the 0-0 vibronic band in the photoluminescence spectra indicates that self-absorption significantly affects the emission properties of these samples. 27 The Φ PL values obtained for DU-PF-x and TU-PF-x before and after correction for self-absorption 54 are also shown in Table S4 . The incorporation of PFO-OH results in a drastic increase in Φ PL , ranging from 56.8-66.4% and 80.2-82.6% for DU-PF-x and TU-PF-x, respectively, after correction. Notably, the Φ PL for the TU-PF series is in excellent agreement with that obtained for PFO-OH in a THF solution (Φ PL = 85.3 ± 2.2%). For conjugated polymers in general, transfer to the solid state often leads to a decrease in the Φ PL of the final material. 55 Our results suggest that at any of the studied concentrations, inclusion into the t-U(403) matrix results in a homogeneous dispersion of the PF chains within the tri-ureasil host, thus inhibiting aggregation-induced quenching. For the DU-PF-x series however, the lowest Φ PL (56.8 ± 1.2%) is obtained for DU-PF-0.05, which also displays the highest percentage of β-phase (7.46%). It has previously been shown that for PF films that a high β-phase contribution can lower the PLQY due to the formation of chemical defects in the polymer structure that are not related to the chain conformation of the polymer. showed that there are no major differences in the hydrogen bonding arrangements for pure and doped tri-ureasils at any of the concentrations studied, suggesting that the PF chains must adapt their conformation to that of the ureasil framework. As the concentration of PFO-OH is increased, its tendency to aggregate is hindered by the rigidity of the siliceous backbone, which not only imparts a certain level of structural control over the PFO-OH chains, but also prevents it from hosting more than a fixed volume of PF within each domain due to steric hindrance.
This also restricts the number of covalent interactions between the PF-PTES precursor and the tri-ureasil. As such, we propose that the PF chains will tend to populate all vacant cavities in the hybrid, yielding a homogeneous distribution of smaller occupied domains, rather than forming larger isolated pockets. This accounts for the comparable percentage of β-phase formed (~5%) and similar degrees of condensation of the siliceous network for TU-PF-0.05
and TU-PF-0.1. Conversely, for DU-PF-x, FTIR measurements showed that the incorporation of PFO-OH slightly favors urea-urea ordered bonding interactions, suggesting a more packed structure. We propose that the linear branching of Jeffamine ED-600 facilitates better packing of the PFO-OH chains, providing more opportunities for covalent grafting of the PF-PTES precursor to the di-ureasil via the siliceous backbone. This is further supported by the red-shift in the wavelength of the 0-0 vibronic transition associated with the β-phase in the emission spectrum, which is larger and exhibits a more significant concentration dependence for the DU-PF-x series. 
CONCLUSIONS
Formation of the poly(fluorene) β-phase can be promoted through covalent-grafting of the hydroxyl-functionalized PFO-OH to di-and tri-ureasil organic-inorganic hybrids. Covalent grating of the PFO-OH chains to the siloxane backbone of the ureasil precursor was confirmed using a combination of spectroscopic and structural analyses, and to the best of our knowledge these materials are the first examples of macroscopic Class II organic-inorganic hybrids incorporating conjugated polymers. Whilst grafting occurs at the inorganic domains, the degree of branching of the PEO/PPO organic backbone (i.e. the Jeffamine) determines the extent of packing of the PFO-OH within the ureasil, and thus the conformation of the polymer chains.
FTIR studies revealed that while fairly strong hydrogen bonding interactions dominate in the linear PF-di-ureasils, the PF-tri-ureasils exhibit a more open and distorted structure, which restricts the efficacy of packing and reduces the number of covalent interactions. This was also confirmed by the degree of condensation determined from 29 Si MAS-NMR studies, which was generally higher for di-ureasils than tri-ureasils. The role of steric confinement was further evidenced in the temporal evolution of the optical fingerprint of the β-phase as the samples undergo the sol-gel transition. PL and UV/Vis absorption studies revealed that in a good solvent (THF), PFO-OH adopts the α-phase. In contrast, upon incorporation in the ureasil matrix, the PF chains undergo a conformational change directed by the branching of the ureasil framework, which promotes the formation of the β-phase and leads to distinct changes in the PL emission and excitation profiles of the samples. Reports of β-phase formation in multicomponent systems are extremely limited 26, 28 and the system investigated here has Notably, the ability to control and tune the extent of the β-phase contribution by changing the degree of branching of the organic backbone of the host has important implications the rational design of high-performance hybrid light-emitting diodes and organic lasers, where the β-phase may be desired.
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